T umor-infiltrating lymphocytes (TILs) have long been recognized as a prognostic factor for cancer patients in a variety of tumor types (1) . This has spurred the development of adoptive cell therapy with TILs, which in combination with non-myeloblative lymphodepletion regimens has resulted in some remarkable clinical response rates in metastatic melanoma patients (2, 3) . Isolation and expansion of TILs from cancer patients is however not feasible for all tumor types, and genetic transfer of tumor specificity with TCRs and chimeric Ag receptors (CARs) into T cells from peripheral blood is an attractive alternative. Similar to conventional T cells, the limitation of TCRtransduced T cells are in their inability to recognize tumors that have downregulated their MHC class I molecules (4, 5) . CARs circumvent this by providing specificity by a single-chain fragment of a variable Ab region specific for a surface tumor Ag. CARs activate T cells through intracellular signaling domains such as CD3z, which is improved by costimulation including CD28 or 4-1BB (6) . Recently, transfer of such second generation CAR T cells targeting CD19 + B cell lymphoid leukemia has shown encouraging clinical results in treating patients with bulky tumors (7) (8) (9) (10) . Although these results are galvanizing the field of adoptive cell therapy, clinical trials focusing on solid tumors have seen less success (11) (12) (13) . The challenge for T cell-based therapies of solid tumors lies in that T cells, in addition to reaching their targets, are required to survive and function within the unfavorable tumor microenvironment.
Tumor cells have long been known to have high levels of oxidative stress and reactive oxygen species (ROS), which have been shown to play key roles in many aspects of tumorigenesis (14) . Reactive oxygen intermediaries (ROIs) and ROS, such as superoxide and hydrogen peroxide, are produced by all mammalian cells mainly as part of normal mitochondrial metabolic processes. Innate phagocytic immune cells produce high levels of ROS through the NADPH oxidase complex as their primary mechanisms of clearing bacterial infections. Oxidative stress exists when the balance between ROS production and antioxidant function is shifted in favor of ROS. Increased production of ROI in tumor cells can be attributed to alterations in metabolic pathways, as exemplified by glucose deprivation in breast carcinomas leading to decrease in intracellular pyruvate preventing decomposition of ROI (15) .
Also, tumor-infiltrating immune cells may be responsible for a large part of the ROS production. Thus, immature myeloid cells found in tumors effectuate their suppressive function on the immune system via ROS (16, 17) . Cancer patients have been found to have increased levels of activated granulocytes (18) , subsequently defined as granulocytic myeloid-derived suppressor cells (MDSCs) (19) . High concentrations of ROS can lead to necrotic cell death, although there is a window of ROS-induced oxidative stress in which lymphocytes are still viable but become unresponsive (18) . This has been linked to blockage of NF-kB activation due to protein oxidation, resulting in deficient IFN-g, TNF-a, and IL-2 production (20, 21) . ROS-induced alterations in T cell and NK cell functions may also be attributed to the decreased TCRz-and CD16z-chain levels found in tumor-bearing patients and mice (22) (23) (24) , which is associated with tumor accumulation of myeloid cells (25) .
We have shown that T cells transduced with catalase survive and function in toxic concentrations of H 2 O 2 (26) . To adapt the approach to cell therapy, we sought to enhance persistence and function of tumor-redirected T cells in the environment of high oxidative stress. In this study, we demonstrate that T cells modified with a bicistronic expression vector CAR coexpressing catalase (CAR-CAT) produce increased amounts of intracellular catalase and have a reduced intracellular oxidative state. This improves protection of the CAR-CAT-transduced T cells from intrinsic oxidative stress, which is a result of T cell stimulation, as well as from extrinsic, especially tumor-associated, ROS. Such CAR-CAT T cells are able to lyse tumor cells in an Ag-specific manner under H 2 O 2 -induced oxidative stress, under which CAR T cells failed to do so. Furthermore, CAR-CAT T cells elicited a protective bystander effect allowing neighboring NK cells to kill tumor cells within a detrimental environment. CAR-CAT T cells provide a strategy to maintain antitumor activity of resident and adoptively transferred immune cells within the oxidative stress environment of tumors.
Materials and Methods

Cells and reagents
HEK293T and SkoV3 cells were maintained in complete RPMI 1640 L-glutamine plus medium supplemented with 10% (v/v) FCS, 100 U/ml penicillin and 100 U/ml streptomycin, 1% MEM nonessential amino acids, 1 mM sodium pyruvate, and 50 mM 2-ME (Life Technologies). PBMCs were obtained from healthy donors and used for transduction as well as the lymphocytic fraction from a healthy leukapheresis donor. These were either cultured in activation medium consisting of complete RPMI 1640 GlutaMAX with the addition of 500 U/ml IL-2 (Proleukin) or stimulation medium consisting of complete RPMI 1640 supplemented with 500 U/ml IL-2 and 100 ng/ml anti-CD3 (Orthoclone OKT3).
CAR engineering of T cells
T cells were transduced with recombinant retroviruses as described previously (27) . T cells were purified from healthy donor PBMCs followed by a Pan T Cell Isolation kit (Miltenyi Biotec) or by leukapheresis followed by elutriation and collection of the second fraction containing .95% lymphocytes. Elutriated lymphocytes were frozen down in 10% DMSO FCS and thawed prior to use. Lymphocytes were cultured in stimulation medium for 2 d and then transferred to activation medium for 4 d. In parallel HEK293T cells were transfected with retroviral packaging plasmids pCOLT and pHIT60 along with a CAR expression vector using JetPrime (Polyplus). Activated lymphocytes were cocultured with virus producing transiently transfected HEK293T cells for 48 h. Transduction efficiency was analyzed by flow cytometry with goat F(ab9) 2 anti-human IgG-PE (SouthernBiotech) and mouse anti-human CD3-allophycocyanin (BioLegend).
Catalase detection
Transduced T cells were sorted using anti-PE MACS (Miltenyi Biotec) beads in combination with F(ab9) 2 anti-human IgG-PE (Southern Biotech).
Sorted CAR + lymphocytes were lysed in CelLytic M (Sigma-Aldrich) at a concentration of 1 3 10 6 cells/100 ml. Protein concentrations of lysates were measured using Pierce BCA assay (Thermo Scientific). Catalase activity assays were performed as per the manufacturer's instructions after normalization based on BCA assay (Life Technologies). To evaluate catalase protein expression, Western blots were performed as follows. Lysate (20 mg) was loaded into 10% NuPAGE Bis-Tris acrylamide gels (Invitrogen) and run for 45 min at 200 V followed by transfer onto polyvinylidene difluoride membrane for 3 h at 40 V. Catalase was stained using 1:1000 dilution of rabbit anti-human catalase (GenScript, A01202), and actin was stained using mouse anti-b-actin at a dilution of 1:25,000 (Sigma-Aldrich) overnight at 4˚C. HRP-linked anti-rabbit and anti-mouse Abs were used for secondary Abs (Cell Signaling Technology) and membranes were developed with ECL Prime Western blotting detection reagent (GE Healthcare). Intracellular staining and detection of catalase was done using a Cytofix/Cytoperm kit (BD Biosciences); catalase was stained using 2.5 mg/ml rabbit anti-human catalase Ab (GenScript) followed by anti-rabbit IgG-FITC (BD Pharmingen)-conjugated Ab.
Cell death assay
Lymphocytes were cultured in RPMI 1640 plus L-glutamine supplemented with 500 U/ml IL-2 at a concentration of 1 3 10 6 cells/ml in the presence of H 2 O 2 . After 24 h cells were washed with PBS and then stained with anti-human CD3-allophycocyanin (BioLegend), 7-aminoactinomycin D (BioLegend), and annexin V-FITC (BioLegend) and acquired on an LSR II (BD Biosciences).
Detection of thiols, ROS, and oxidative state
Cell surface thiols were evaluated using Alexa Fluor 488-C 5 -maleimide (Life Technologies). Staining was done by washing cells three times with 4˚C PBS followed by labeling with 5 mM maleimide for 20 min at 4˚C in the dark. Cells were labeled with Abs prior to acquisition on an LSR II (BD Biosciences). Free ROS were measured using L-012 luminol probe (Wako Chemicals). The final concentration of L-012 in medium with cells was 0.5 mg/ml. Luminescence was measured using a Centro LB 960 plate reader. CellROX (Invitrogen) was used to determine intracellular oxidative states. Lymphocytes (1 3 10 5 ) were loaded with 5 mM CellROX for shortterm assays or 0.5 mM CellROX for long-term assays at 37˚C for 10 min. For basal ROS measurements, cells were incubated at 37˚C for the indicated duration followed by staining with anti-human CD3-Pacific Orange (BioLegend) and F(ab9) 2 anti-human IgG-PE (SouthernBiotech) prior to acquisition with an LSR II. To stimulate intracellular ROS, cells were activated by PMA (3 ng/ml) or dihydroxynaphthoquinone (DHNQ) (20 mM) for 2 h prior to Ab labeling and acquisition by flow cytometry. 
Cytotoxicity and proliferation assay
Results
CAR-redirected T cells engineered with catalase
Human peripheral blood T cells from healthy donors were engineered with a CAR specific for CEA or Her2 with or without a bicistronic cassette to coexpress catalase. CAR-CAT were based on the CEA-specific CAR BW431/26scFv-IgG1-CD28-CD3z and the Her2-specific CAR C6-B1.D2-IgG1-CD28-CD3z (27, 28) by inserting the full-length human catalase cDNA downstream of the internal ribosome entry site (Fig. 1A) . Nontransduced T cells and T cells modified with a truncated nerve growth factor receptorspecific control CAR (Ctrl-CAR) lacking internal T cell signaling domains were used as controls. Retroviral transduction of these constructs into T cells gave efficiencies of ∼55% CAR + cells (Fig. 1B) . To determine the level of catalase present in the transduced T cells, CAR + and CAR 2 cells were sorted from freshly transduced T cells using MACS beads specific for the CAR IgG linker region and the catalase recorded by Western blot analysis (Fig. 1C) . No differences were seen in the negative fractions of transduced T cells (Supplemental Fig. 1A) . To confirm the function of catalase in CAR + cells, a catalase ac- tivity assay was performed on lysates from CAR-, CAR-CAT-, and Ctrl-CAR-sorted cells. CAR-CAT-transduced T cells were found to contain .7-fold higher catalase activity than CAR T cells without transduced catalase or Ctrl-CAR T cells (Fig.  1D) . Catalase activity was also measured in the lysate of CAR 2 T cells and found not to significantly differ between samples (Supplemental Fig. 1B) . Freshly transduced T cells were evaluated for their ability to neutralize H 2 O 2 . L-012, an ROSsensitive luminol (29) , was added to T cells prior to addition of 50 mM H 2 O 2 . Significantly reduced luminescence of CAR-CAT T cells (Fig. 1E) , indicating reduced ROS activity in the presence of CAT-CAT, was recorded in CAR-CAT T cells upon permeabilization, indicating intracellular localization (Fig. 1F) .
CAR-CAT T cells display an increased antioxidant capacity against intrinsic ROS upon T cell activation
Activation of lymphocytes induces increased mitochondrial activity, resulting in oxidative stress (30) . We next asked whether CAR-CAT T cells are more resistant to this type of cellular stress. Freshly transduced T cells were labeled with the oxidative stress indicator CellROX directly after transduction. The basal oxidative state was found to be lower in the CAR-CAT T cells compared with CAR T cells without transduced catalase ( Fig. 2A) . This was also found to be the case after long-term culture (Fig. 2B) . We additionally stained cells with maleimide-Alexa Fluor 488 and found that the differences between CAR-CAT and CAR T cells were minimal at 0 mM H 2 O 2 , but at 1 mM H 2 O 2 CAR T cells were not able to maintain cell surface thiols with a mean fluorescence intensity (MFI) decrease of 20%, whereas CAR-CAT maintained cell surface thiols with a decrease of 0.7% Fig. 2) .
T cells encountering Ag at the tumor site will induce oxidative stress in the engaged T cells. To simulate this effect we stimulated CellROX-labeled T cells by incubation with PMA or DHNQ (Fig. 2C) . CAR-CAT T cells displayed a decreased CellROX MFI compared with CAR T cells following PMA or DHNQ stimulation, similar to the differences found between their levels of basal oxidative states, indicating less oxidative stress of catalase-engineered T cells upon activation.
CAR-CAT T cells maintain their activity under H 2 O 2 stress
To examine whether CAR-CAT-transduced T cells were more resistant to high levels of oxidative stress, cells were cultured in increasing concentrations of H 2 O 2 (Fig. 3A) . T cells were freshly transduced and not sorted for CAR T cells. At 100 mM H 2 O 2 , CAR T cells were only 59% viable, which dropped to ,30% viability at 200 H 2 O 2 . CAR-CAT T cells faired best, retaining their viability at 200 mM H 2 O 2 . Of note, activation of T cells for retroviral modification itself increased the resistance of T cells to oxidative stress compared with nonmodified T cells.
Even if adoptively transferred T cells are able to survive in the presence of increased ROS levels, maintaining their function with respect to redirected cytolysis and amplifications remains crucial for their antitumor efficacy. When T cells recognize their target Ag they become strongly proliferative, as shown for CD19-specific CAR adoptively transferred into chronic lymphocytic leukemia patients (31) . To address this issue we assayed the ability of T cells to proliferate at a level of ROS insult at which T cell viability is We asked whether these cells retain their CAR-endowed tumorspecific effector functions. To address this, we studied the ability of Her2-specific CAR T cells to lyse the Her2 + SkoV3 ovarian carcinoma cells under oxidative stress. CAR-mediated specific lysis of SkoV3 cells was almost abolished in the CAR T cells at a concentration of 12.5 mM H 2 O 2 , whereas the CAR-CAT-transduced T cells efficiently lysed the SkoV3 cells (Fig. 3C) . Data demonstrate the superior capacity of CAR-CAT-transduced T cells to maintain their tumor-specific cytotoxic function under conditions of oxidative stress where this function is lost in nonmodified T cells.
CAR-CAT T cells mediate a protective bystander effect
The reduction of ROS by the CAR-CAT T cells may protect also nonmodified immune cells in their vicinity. To investigate whether CAR-CAT T cells provide protection to bystanders, autologous nonmodified T cells were stained by CellROX. CAR 2 cells had decreased CellROX MFI for 1 h as well as well as for overnight staining (Fig. 4A) . To address whether this would be the case when oxidative stress was introduced, autologous T cells were labeled with CFSE and admixed with CAR-or CAR-CATengineered lymphocytes. CAR-CAT bystander cells maintained basal oxidative stress levels, whereas those admixed with CAR had increased oxidative stress (Fig. 4B) . Additionally, the level of surface thiols in CAR-CAT 2 autologous T cells was reduced when compared with CAR 2 autologous T cells (Fig. 3C) . The results
showed that these nontransduced T cells cocultured together with 51 Cr] and transferred into effector cell-containing wells. Supernatant was collected after 24 h coculture and transferred to LumaPlates and read out on MicroBeta. The percentage specific lysis was calculated using the following formula: (CPM sample 2 CPM spontaneous )/(CPM maximum 2 CPM spontaneous ). Data are presented as means 6 SD. **p , 0.005 by two-way ANOVA using GraphPad Prism 5 for (B) and (C) between CAR and CAR-CAT.
the CAR-CAT-transduced cells had a reduced oxidative state when compared with their counterparts cocultured together with CAR T cells. The supernatant had a 5-fold increase in catalase activity in CAR-CAT T cell culture compared with that from the supernatant of CAR T cells (Fig. 4D) . We conclude that CAR-CAT T cells released catalase in substantial amounts, which reduced the oxidative state of cocultured cells.
Intracellular oxidative stress, induced directly by the cancer cells or by immune-suppressive cells infiltrating the tumor lesion, can regulate T cell functions by reducing the CD3z, making TCRmediated T cell activation less efficient (22, 32) . We therefore studied whether the CAR-CAT T cells, in a bystander fashion, could protect the nontransduced T cells from this detrimental repression. To simulate the situation, transduced and nontransduced T cells were cocultured, subjected to H 2 O 2 insult, and then stained for CD3z. Exposure to H 2 O 2 decreased CD3z levels in the nonmodified T cells when cocultured with nonmodified or CARmodified T cells. In contrast, coincubation with CAR-CAT T cells maintained CD3z levels of bystander T cells (Fig. 4E) . In the third donor, no decrease in CD3z was detected in bystander T cells (data not shown).
TILs also include NK cells, which are sensitive to H 2 O 2 -induced inactivation (33) . To address whether the CAR-CAT T cell-mediated bystander effect is protective for NK cells in the near vicinity of the transduced T cells, NK cells were admixed with transduced T cells at a ratio of two transduced T cells to one NK cell and the cytolytic capability of the NK cells was assessed against K562 target cells under increasing concentrations of H 2 O 2. In the absence of oxidative stress, there was no difference in NK cell-mediated cytotoxicity against K562 cocultured with CAR-CAT, CAR, or Ctrl-CAR T cells (Fig. 4F) . In contrast, when exposed to increasing levels of H 2 O 2, the NK cells coincubated with CAR-CAT T cells were consistently more efficient in killing the K562 cells than were NK cells cocultured with CAR, Ctrl-CARtransduced, or nontransduced T cells. We conclude that CAR-CAT T cells protect in trans both T and NK cells from oxidative stressmediated repression.
Discussion
Adoptive therapy with CAR-modified T cells offers a powerful therapy for a variety of malignant entities. This has been realized for the treatment of hematological tumors such as chronic lymphocytic leukemia and acute lymphoblastic leukemia (9, 31); treatment of solid tumors, however, faces additional hurdles and needs further optimization (6) . The stroma of solid tumors constitutes a barrier that actively suppresses the function of the adoptively transferred T cells by various immune suppressive mechanisms, including mediators such as ROS, arginase, IDO, and PGE 2 (34, 35) .
In this study we demonstrate that redirected T cells, engineered to target tumor cells by a CAR specific for a cell surface Ag, can be protected from ROS-induced oxidative stress by coexpressing catalase. The CARs used in this study are specific for Her2 and CEA and have been shown to eliminate tumor cells with the respective targets in a specific fashion (28, 36) . The Her2 and CEA are highly expressed in a variety of breast cancer and colorectal cancer (CRC) lesions, respectively (37, 38) , both of which have increased ROS production and local oxidative stress (15, 39) . In CRC, oxidative stress promotes proliferation of tumor cells while being insufficient to cause cell death (40) . Carcinoma-infiltrating lymphocytes have experienced high levels of oxidative stress as measured by 8-hydroxy-29-deoxyguanosine staining (39) . Also, breast cancers have high levels of oxidative stress, being a driving factor in breast cancer progression. Accordingly, lymphocytes from breast cancer patients exhibit increased oxidized DNA levels as compared with healthy donor lymphocytes (41) . Interestingly, when reducing oxidative stress in aggressive breast cancer, tumors are sensitized to chemotherapy (15) . This ROS feature of both cancer types provides the rationale for a potentially beneficial effect of coexpressing catalase in CAR-transduced T cells homing to these tumors.
We revealed that coexpressing catalase in CAR T cells allowed for a reduced oxidative state in engineered T cells, an effect that remained when cells were activated by TCR/CD3 engagement or while cocultured with tumor cells. A reduced oxidative state is essential for maintaining T cell function in the long-term. This is particularly of clinical relevance in the setting of adoptive cell therapy where the transplanted T cells are thousand fold expanded ex vivo prior to transfer and entering the tumor tissues. T cell subsets are differentially affected by ROS, with CD8 + T effector memory cells being particularly more susceptible to ROS-induced cell death and loss in function than are their naive T cell counterparts (21) . These memory cells are essential for providing a better clinical outcome in CRC patients (42) .
The tumor tissue is infiltrated with a large number of immune cells, most of which are of myeloid origin, not of lymphoid origin. These macrophages, monocytes, granulocytes, and MDSCs produce ROS and thus suppress the lymphoid antitumor immune response. Activated infiltrating granulocytes in particular inactivate T cells, and the addition of ROS scavengers was able to rescue their function (18) . MDSCs are potent producers of ROS, mainly through the activation of the NOX2 pathway leading to the production of superoxide, and they have been shown to exert some of their suppressive function through this pathway (17) . High catalase activity in those tumor-targeting lymphoid cells upon transgenic catalase expression provides a strategy to resist ROSmediated repression in the tumor tissue.
In patients, CAR-transduced T cells are able to clear large tumor burdens, sometimes leading to tumor lysis syndrome (8) . We confirmed the high efficacy of the CAR-transduced T cells in cytotoxicity assays. CAR-CAT T cells retained their ability to lyse Her2 + tumor cells under conditions of oxidative stress, whereas this ability was lost in control CAR T cells. Furthermore, 50 mM H 2 O 2 affected the capacity of control T cells and CAR T cells to proliferate in response to a strong proliferative stimulus whereas CAR-CATtransduced T cells retained proliferative capacity (Fig. 3B) . We conclude that genetically modified T cells that overexpress catalase resist oxidative stress to certain levels which may be sufficient to remain functional upon entering the tumor stroma.
Protecting tumor-infiltrating T and NK cells from ROS-mediated inactivation would maintain their antitumor activity, with the latter cells attacking those cancer cells that lack the particular tumorassociated Ag recognized by redirected T cells. In line with this concept, we found that CAR-CAT T cells were capable of reducing the oxidative state of bystander T cells. Under these conditions NK cells are enabled to execute their antitumor response. This bystander effect was likely mediated by the catalase present in the supernatant of CAR-CAT T cells. We showed that T cells engineered with CAR and catalase preserved CD3z levels of the bystander T cells (Fig. 4E) . This may result in more efficient tumor elimination, including of cancer cells lacking CAR-targeted Ags. Protecting bystander immune cells in trans by catalase engineered T cells may thereby indirectly provide a benefit in the therapy of solid tumors. In addition to CARredirected T cells themselves, TILs, which are inactivated by ROS-producing stroma cells, may become reactivated when ROS-induced immunosuppression is removed. Increased oxidative stress decreases TCR/CD3z expression in T cells, thus inhibiting their TCR-mediated effector functions. In cancer patients CD3z is often downregulated in tumor infiltrating T cells, accompanied by loss of cytolytic activity as well as loss of proliferative potential (23, 32, 43) . In gastric carcinoma, the 5-y survival of patients was significantly improved when TILs maintained normal levels of CD3z expression (44) , underlining the therapeutic potential in sustaining function of infiltrating immune cells in a ROSmediated immune repressive environment.
Owing to their high sensitivity toward oxidative stress, intratumor activity of NK cells is likely compromised (45) , particularly of the cytotoxic CD56 dim NK cell subset (33) . We found that data indicate that the bystander effect of CAR-CAT T cells extended also to NK cells and rescued their cytolytic ability at high H 2 O 2 concentrations (Fig. 4F ). Beyond this, CAR-CAT T cells are able to modify the suppressive cells in the tumor tissue. MDSCs require high levels of ROS to retain their suppressive phenotype; in the absence of ROS, immature MDSCs differentiate into nonsuppressive monocytes (17) , which, together with other mechanisms, finally may result in a global change in the immune surveillance of cancer.
The approach of combining tumor-redirected CAR T cells with the transgenic expression of molecules that modulate the oxidative state in the tumor milieu may be extended to several other categories of molecules that counteract T cell function such as arginase-1, IDO, or iNOS. Additionally, other strategies to reduce tumor immunosuppression, for example by coengineering T cells with TGF-b dominant negative receptor, have shown impressive results (46) and suggest that targeting these suppressive mechanisms may be essential to improving T cell-based therapies (6) . Our data imply that the strategy to target ROS may improve both the Agspecific and Ag-independent tumor elimination, resulting in a more rapid and efficacious tumor elimination, which likely improves the outcome of adoptive T cell therapy of cancer.
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